The Solid Rocket Booster (SRB) Main Flame Deflector (MFD) at Launch Complex 39A was instrumented with sensors to measure heat rates, pressures, and temperatures on the final three Space Shuttle launches. Because the SRB plume is hot and erosive, a robust Tungsten Piston Calorimeter was developed to compliment measurements made by otT-theshelf sensors. Witness materials were installed and their melting and erosion response to the Mach 2 I 4000°F I 4-second duration plume was observed. The data show that the specification used for the design of the MFD thermal protection system over-predicts heat rates by a factor of 3 and under-predicts pressures by a factor of 2. These findings will be used to baseline NASA Computational Fluid Dynamics (CFD) models and develop innovative MFD designs for the Space Launch System (SLS) before this vehicle becomes operational in 2017.
The Solid Rocket Booster (SRB) Main Flame Deflector (MFD) at Launch Complex 39A was instrumented with sensors to measure heat rates, pressures, and temperatures on the final three Space Shuttle launches. Because the SRB plume is hot and erosive, a robust Tungsten Piston Calorimeter was developed to compliment measurements made by otT-theshelf sensors. Witness materials were installed and their melting and erosion response to the Mach 2 I 4000°F I 4-second duration plume was observed. The data show that the specification used for the design of the MFD thermal protection system over-predicts heat rates by a factor of 3 and under-predicts pressures by a factor of 2. These findings will be used to baseline NASA Computational Fluid Dynamics (CFD) models and develop innovative MFD designs for the Space Launch System (SLS) before this vehicle becomes operational in 2017. Finite Element Model power spectral density Mobile Launch Platform temperature distance or depth thermal conductivity specific heat density thermal diffusivity specific heat of fusion I. Introduction T HE Main Flame Deflectors used at both Launch Complex 39A and Bare covered with a refractory concrete that cracks and shatters at liftoff, releasing FOD (Foreign Object Debris), which is both expensive to repair and potentially damaging to ground support equipment. Figure Ia shows the SRB plume at liftoff during STS-135 and illustrates the two types of fl]Jids causing the extreme environment affecting the MFD. The brownish colored clouds to the sides of the photo are from the Solid Rocket Motor (SRM) combustion exhaust, and the gray clouds in the center foreground are steam from the water deluge sound suppression system and Space Shuttle Main Engine (SSME) exhaust. Figure I b illustrates the Shuttle and Pad A ground structures, including the MFD. Because refractory concrete on the MFD has very little tensile strength, pieces of this material weighing over eighty pounds can liberate and fly hundreds of feet, striking and damaging pad ground structures such as fluid distribution systems. The expensive process of reapplying concrete has become a regular part of the pad refurbishment process after Space Shuttle launches. Elimination of FOD was largely unsuccessful using mechanical systems; the refractory concrete is held to the substrate of the steel deflector by grid steel and steel studs. The Mach 2, 4000°F SRM plume filled with aluminum oxide particles causes erosion of the refractory concrete and exposes the steel studs to the severe environment published in NASA Technical Standard GP-1059 .
1 Micro-structural analysis on the steel studs discovered no signs of melting? A discrepancy exists because, when a simulation of steel is run using GP-1 059's ground support equipment (GSE) predicted heat rates, the steel should melt. This anecdotal evidence suggests that the SRB plume ' s effect on the MFD is not well understood, even though GP-1059 is the overarching technical specification produced by NASA to which engineers refer for obtaining environmental loads on the GSE incurred from Shuttle launches. The environmental loads had never been directly measured . This inconsistency initiated the installation of sensors to measure heat rates, pressures, temperatures, and vibration on the MFD. ln addition, steel witness rods were installed in close proximity to the sensors to gather qualitative evidence of the environment. The refractory concrete along the entire bottom and west (right) side of the deflector displayed very low compressive strengths as seen in Figure 2 . When cored specimens were tested from the west side after STS-125 in May 2009, one sample demonstrated a compressive strength as low as 416 psi with an average of 1770 psi. (The specification 3 for refractory concrete stipulates a compressive strength of 4500 psi at 7 days). Tensile stresses within the refractory concrete are complex and are induced from flexure and vibration of the MFD during launch. Because the tensile strength of the refractory concrete was determined to be less than 10% of the compressive strength, 4 it can be seen that low strengths in this material will result in cracking and liberation during the launch event. Because the slope at the bottom of the MFD physically tqms the plume from vertical to horizontal, it experiences some of the worst Figure 29 . KSC NASA and USA employees worked with the refractory concrete vendor to develop a concrete installation technique using casting to replace the historic gunning technique in order to improve MFD strength. The water-tocement (w/c) ratio in refractory concrete greatly influences its compressive strength, and the casting technique better controls the w/c ratio. Furthermore, measurements returned from instrumentation installed flush with the MFD face, within the boundary layer, are dependent on the smoothness of the surface. The formwork left a smooth faceted surface with 0 to ~-inch-high horizontal ridges as a result of using 2-inch-thick by 12-inch-wide form boards. The KSC engineering community decided the cast surface was acceptable for obtaining these measurements.
Three areas along the west side of the MFD were selected for sensor installation during the concrete· refurbishment process based on GP-1 059 data. One "sensor suite" installed in each of the three sites is further described in Section Ill as made up of one Tungsten Piston Calorimeter (TPC), one Commercial-Off-the-Shelf (COTS) set, and one witness rod. Figure 3 presents the plan view of the heat rate contours for the SRB exhaust impingement on the MFD at one second after SRM ignition (defined as mission elapsed time (MET) of + Is). Directly beneath the SRBs, the very dense contours indicate that a distance of less than ten feet separates the heat rates of 5000 and 1000 Btu/fY-sec . In order to capture the governing heat rate, one sensor suite was installed as close as possible to the "K" central contour. The uppermost sensors were actually installed near the "H" contour, based on access from the back side of the MFD and spacing of the steel structural stiffeners. Two additional sensor suites were installed downhill from the upper set as illustrated in Figure 4 . Additionally, a pressure transducer was installed on the centerline of the MFD near the top because this location does not see direct plume impingement and measures acoustic pressure. The upper right comer of Figure 4 shows the MFD sleeve penetrations into which the sensors were inserted. These sleeves are approximately three feet apart. Figure 5 shows the final installation prior to STS-134. NASA has had a long successful history of using COTS sensors in launch environments. The intent of including the COTS products in the design is to provide comparative data to the tungsten piston, thus increasing the confidence in the data. Based on this experience, four types of sensors were procured to measure the plume ' s extreme environment. The following COTS sensors were used in the testing: 
New Orleans Conferences
The Medtherms, Nanmacs, and Kulites or Stellars are installed in a three-inch diameter 304 stainless cap screwed into a stainless housing. Figure 6 depicts the COTS assembly ready for installation. The PCB accelerometers were adhered to the back s ide of the MFD to measure vibration, and the data acquired from those transducers are not presented in this paper.
The Medtherm ca lorimeter, shown in Figure 7 prior to installation in the COTS cap housing, includes tubes for water, an independent Type K thermocouple to measure its body temperature, and electrical leads for the heat rate measurement. All of these connections exit the backside of the housing and are connected to the Ground Measurement System-2 data acqu isition system (DAQ) for Pad A. Because the Medtherm body must remain below 400°F to accurately measure the heat rate, it was connected to a water cooling system. 
The Nan mac is an erodible thermocouple. It is comprised of layers of thermocouple metals that make electrical contact as erosion occurs. Small "whiskers" or slivers of metal make contact between the insulated layers of conductors. For STS-133, a Type C Nanmac was installed. Because temperatures were not as high as anticipated the last two launches employed Type K Nanmacs for greater sensitivity to voltage output and higher fidelity measurements. Figure 8 illustrates the layers of metals that erode and create a conduction path for voltage generation.
Kulite pressure transducers were installed for STS-133 and STS-134 with a switch to Stellars in the last flight, which can be compared in Figure 9 . Kulites were chosen for their ability to measure both dynamic and static pressures in the acoustic environment of the MFD. Their frequency response of greater than 160kHz in the expected pressure range allows capture of fast-changing pressure data, such as ignition overpressure. The Kulites accomplish this with a miniature Wheatstone bridge molecularly bonded to, but electrically isolated from, the miniature silicon diaphragm (integrated circuit technology). The silicon diaphragm is thought to be advantageous for resisting the high temperatures of the MFD environment. Review of the data after STS-133 and STS-1 34 shows false pressure increases after the main plume impingement. This data error is theorized to be caused by thermal drift: the diaphragm of the Kulite heats up and expands, causing a change in resistance of the Wheatstone bridge that is interpreted by the DAQ as false pressure. In hopes of eliminating the data drift, the last flight was instrumented with Stellar pressure transducers. The Stellars have a conventional stain gauge membrane that makes them heavier, more robust, and less sensitive than the Kulites. The added mass allows for more thermal energy absorption before thermal drift occurs. The tradeoff is that the frequency response for the Stellars is 1.5 kHz in the expected pressure range, which is a factor of I 00 less responsive than the Kulites . The high natural frequency of the sensors, compared to the relatively low frequencies of the plume and structure, suggests that modal coupling between the transducers and their environment is not possible. The launch environment is thermally severe and comprised of molten aluminum oxide (AL 2 0 3 ) being deposited on (or eroding) any structure in the flow field . COTS sensors are not designed for this extreme environment, possibly causing them to erode or melt in the instant after SRB ignition. A robust sensor, the Tungsten Piston Calorimeter, was developed to withstand the plume conditions and supplement the COTS data. Tungsten is used for its hardness and thermal properties. Of all the refractory metals it is the hardest (to resist erosion) and has the highest melting point (to resist the plume' s heat). Its thermal diffusivity is similar to aluminum making it an excellent thermal conductor. The TPC has three spring loaded thermocouples touching the bottom of thermal wells in the piston. This thermocouple installation is based on an experimental DLR German Aerospace Center rocket combustion chamber design . 5 The measured temperatures are used to back-calculate heat rates. The piston is connected via a rod to a load cell to measure the force of the plume on the piston .
Heat rates can be back-calculated by applying fundamental thermal equations to temperatures measured with respect to time and depth in the tungsten piston. Values obtained using this methodology can be directly compared to the Medtherm and are discussed in Section V. Similarly, pressures can be back-calculated by using the area of the piston surface and the load measured by a Strainsert load cell. Values obtained by this calculation can be directly compared to the Kulite or Stellar pressure data. A high degree of confidence is given to measurements that correlate when acquired by more than one method.
The tungsten piston is a cylinder 3 inches in diameter by 3.5 inches long . Because of material availability and production costs, pistons were manufactured from both 99.99% pure tungsten and an alloy made of 90% tungsten, 6% nickel, and 4% copper. Three thermal wells 120° apart were Electrical Discharged Machined (EDM) in each piston from the bottom face (the cold side) to near the top (the hot face, exposed to the flame), leaving approximately 0.030, 0.060, and 0.090 inches of metal protecting the thermocouple tip from the plume environment. Type K 0.005-inch diameter thermocouples enclosed in two-hole ceramic tubes are shown in Figure I 0 being installed into the backside of a prototype steel piston. The depths of 0.030, 0.060, and 0.090 inches were chosen to ensure some thermocouples would survive if the plume significantly eroded the top of the TPC. After reviewing the data, tungsten is able to resist SRB plume erosion, and thermal wells closer to the surface can be used in future applications.
Development testing, discussed in Section IV, shows that the tiny air gap between the Type K metal thermocouple and the metal bottom of the thermal well causes significant resistance to conduction . The solution is to fill the air gap with a material to bond to both metals, enhance conduction, and remain in place during the launch event. Figure II illustrates the difference in response of the thermocouples when the air gap is filled with a conductive metal. A heat rate of 500 Btu/ff-sec was applied to three differently installed thermocouples: bare-ended (with air-gap), another with Field's Metal , and one with Sii-Fos® brazing. The Field's metal recorded the highest temperature while the brazed thermocouple recorded the quickest rise in temperature, which is important in a shortduration event. Both offered superior performance over the thermocouple with the air gap. The Field ' s metal melting point at 144°F makes it easy to handle and install but this material is repulsed by the tungsten and the Type K thermocouple. Field ' s metal would melt and vibrate free in the launch conditions leaving only an air-gap thermal path. The Sil-Fos® easily wets both the thermocouple and piston and was selected as the material to form a permanent conductive pathway for the heat even when melted. The latent heat of fusion of the melting Sil-Fos® is never observed in the launch temperature measurements because it is such a small amount.
To braze the thermocouples, half of the weld bead of the thermocouple is removed with a grinding wheel under a microscope and replaced with Sii-Fos® brazing. The remade thermocouple is then inserted into the well with a small amount of black flux and a focused acetylene flame is applied to the hot face of the piston to melt the braze. The temperature of the thermocouple is monitored to know when the Sil-Fos® braze reaches its liquidus of 1200°F, causing the thermocouple and tungsten to bond to the braze and displace the air. A small spring is epoxied to the ceramic protective sheath to force contact between the metals while the piston is thermally expanding, but only a small amount of load can be applied without breaking the ceramic. Figure 12 illustrates the details of the Tungsten Piston Calorimeter. The tungsten piston is slid into a 304 stainless housing that contains double 0-ring grooves to prevent plume blow-by and a Teflon® bearing for the piston to ride on during plume lateral loading. This inner sleeve is installed in a sacrificial outer housing machined from either A-286 or 17-4PH steel. To prevent direct thermal impingement of the plume on the upper 0-ring, three layers of 0.060-inch thick high-temperature ceramic thread is packed into the gap between the piston and sleeve above the 0-rings. A rod connects the piston to a 2.5 kip Strainsert load cell to measure the total plume load . A Kulite pressure transducer is installed in the cavity beneath the piston in the event the 0-rings leak and hot gas partially pressurizes the cavity. If this occurs, a correction factor can be obtained to correct the plume pressure calculation for the difference between pressure on the top and bottom faces of the piston. The backside pressure (beneath the MFD) remained close to ambient during the event so no correction factor is needed . The electrical leads for the thermocouples, pressure transducer, and load cell leave the bottom of the sensor and are connected to the Ground Measurement System-2 DAQ.
C. Witness Rods
Four-inch diameter witness rods were installed in close proximity to the COTS and TPC sensors for each launch to qualitatively study the effect of the SRB plume on different steel types. I 018 steel was used for STS-134 because it is the material of choice for the exit cones of the SRB separation motors. HY -80 steel rods were installed for STS-133 and STS-135. HY-80 is used because of its high yield and tensile strength, good ductility, atmospheric corrosion resistance, and excellent weldability with reduced preheat. These qualities are desirable for an unprotected steel flame deflector if one were to be proposed for use in the future . The witness rods for STS-135 are shown ready for installation in Figure 13 . 
IV. TPC Validation Tests
During the development of the TPC, thermal, pressure, and vibration tests were performed to verify the load cell and thermocouples would correctly measure the environment.
A. Thermal Tests
The thermal tests validated both TPC fabrication methods and the numerical method used to calculate the heat rates from the thermocouple data. One-inch aluminum , stainless steel, and tungsten test articles were used . Over 50 tests were performed using an Oxyacetylene CNC torch as shown in Figure 14a . Two (a 2000 Btulff-sec and a 500 Btu/ff-sec) Medtherm calorimeters were used to verify heat rates generated by the torch and to verify that the values each Medtherm measured were comparable. Sine wave and square wave heat profiles were applied to the prototype pistons and compared to the response of the Medtherms. The tests proved the importance of springs to hold the thermocouples tightly against the bottom of the thermal well. Filling the air gap between the thermocouple and tungsten thermal well to produce a conductive pathway greatly improved the repeatability of the back calculated heat rates. Finding the correct gap-filler material to 'wet' the thermocouple and tungsten piston, as well as the correct procedure to braze the thermocouples to the bottom of the thermal well, took hours of testing.
The TPC consistently calculated heat rates 20% less than those values measured by the Medtherms in the oxyacetylene tests . An ANSYS® Fluent model of the plume shown in Figure 14b indicates that it is highly 3-dimensional. It was speculated that the small diameter measuring area on the Medtherm calorimeter (approximately 0.050-inch diameter) was successful at measuring the pinpoint where the maximum heat rate occurs. It was also speculated that the large diameter TPC cannot perform as well with such a 3-dimensional small diameter flame . However, when placed beneath a larger heat source (e.g. the 12-foot diameter SRB plume) it would function as expected. The measured SRB heat rates discussed in Section V supports this assumption . 
B. Pressure Tests
Pressure tests were divided into static leak checks and dynamic pressure spikes to compare the 2.5 kip Strainsert load cell to the 0-300 psia Kulite pressure transducer. The tests were performed by pressurizing a cavity above the piston as shown in Figure 15 . Leak check pressures (i.e. static pressures) were applied slowly and showed that the piston ' s 0-rings held the internal pressure for the I 0-minute duration of the test. The load cell output was converted to pressure and was within two percent of the Kulite reading. To verifY the load cell would track a pressure spike similar to the SRB ignition overpressure, a dynamic pressure spike was generated by manually opening a valve in approximately 0.05 seconds. Figure 16 shows the response of the Strainsert load cell as compared to the Kulite pressure transducer. The piston/load cell tracked the pressure pulse within 5 psi on an amplitude pulse of 250 psi . This pressure oscillated within the closed cavity creating a resonate frequency of between I 0 and 25 Hz (depending upon the rapidness of valve actuation). These tests validated the similarity in response of the two pressure measurement methodologies. The structural load into the piston/load cell is a result of two input sources. The first is the transient input from the SRB plume directly while a secondary load can occur from the dynamic response of the MFD, onto which the TPC is hard-mounted, due to its response to the plume. A dynamic analysis was conducted using a FEM of the TPC mounted to the MFD . This analysis investigated the effects of the base excitation of the MFD on the TPC's ability to accurately measure the pressure of the direct SRB plume. The FEM is shown in Figure 17 . The force inputs (Power Spectral Densities or PSDs) were derived from the measured pressure and vibration environments, and these derivations are consistent with GSFC-STD-7000. 6 The PSDs were calculated from both measured pressures on the bottom of the Mobile Launch Platform (MLP) and measured accelerations on the backside of the MFD steel panels directly beneath the location of SRB plume impingement. These graphs are presented in the Appendix as Figure 33 . Inspection of the PSDs shows that most of the pressure energy in the plume is below 40Hz while all of the peak responses of the MFD PSDs occur below 140 Hz. The FEM found the natural frequency to be approximately 300Hz. Because it was detennined that the effects of base excitation were negligible, the assembly was vibration tested to detennine the natural frequency of the piston/load cell system and to ensure the structure would remain intact for three launches. Random and sine sweep vibration tests were performed in accordance with KSC-STD-1648, Environmental Test Methods for Ground Support Equipment. 7 The input PSDs were modified slightly to accommodate the Unholtz-Dickie Shaker table's capabilities. Figure 18 shows an assembled TPC (with a steel piston) mounted to the Unholtz-Dickie during a vibration test. The sine sweep tests showed that the resonant frequency of the piston/load cell subsystem to be 280 Hz, as Figure 19 shows while testing. Neither the plume's energy content below 40 Hz nor the MFD's frequency response of 140 Hz will excite the TPC since it has a measured natural frequency of 280 Hz. It was concluded that the piston should be dominantly loaded by the plume, and the filtered data presented supports this finding. 
A. Plume Pressure
The pressure measurements from the Kulites and the Stellars returned similar pressure curves for the three launches. The peak values were over twice as high as those reported in GP-1 059. Figure 20 compares Strainsert load cell and Stellar pressure transducer data for the three locations on the MFD for the last launch . To arrive at this summary, the raw data from the load cell and the Kulites and Stellars are processed to filter out the high frequency acoustic and vibration signals. Raw data for the pressure transducers and load cell are recorded at 9600 Hz. The raw ASCII data are analyzed using Mathworks® MATLAB software' s built-in butter and filter functions that create a Butterworth lowpass filter set at 50 Hz. This limit is used because PSDs from previous launches identified that most of the plume' s energy lies below 40 Hz. The filtered data are then averaged over 48 points (0.005s) to reduce the number of data points to a manageable quantity without erasing any pressure events. As presented in Figure 20 , the data are time-shifted to the right by 0.005s because of the averaging algorithm. Finally, the processed Strainsert force data are divided by the area of the exposed piston surface (7.07 in 2 ) to calculate pressure. The pressure graph from STS-135 shown in Figure 20 represents the only complete pressure measurement for an entire launch event. Thermal drift occurred in the pressures recorded by the Kulites installed for STS-133 and STS-134, indicating a loss of measurement accuracy later in the event (after the peak pressure occurred). There is high confidence that the peak pressures were successfully measured for all three launches when these readings are compared to the Strainsert data.
Aside from the 160 psig short-duration ignition overpressure pulse that occurs around MET+0.3s, the maximum pressure recorded is over 70 psig on the STS-135 upper location . Upper locations for STS-133 and STS-134 using the Kulites recorded maximum pressures of around 60 psig. GP-1 059 cites a maximum pressure of 30 psig, a significantly lower value used as the historic design limit. The middle location, just 20 feet downhill from the upper, recorded the plume pressure decreasing by half and matches GP-1 059 ' s prediction. The bottom location records still lower pressures as expected. Unexpectedly, between MET+0.5s and 3s, the bottom location measured negative pressures, indicating that the shape of the MFD surface, coupled with the Mach 2 plume creates a partial vacuum . About three seconds after liftoff, the bottom location pressure increases to about 18 psig, indicating that the SRM plume is directly impinging on the lower MFD face as it traverses north during takeoff. These data show that pressures return to ambient around MET+4 seconds, indicating the duration of the main launch event as it applies to the MFD structure. Acoustic pressure is primarily a consideration for payloads and ground support equipment. During the launch of STS-1 , the reflected ignition overpressure pulse severely loaded Columbia ' s wings and control surfaces. 8 One modification after STS-1 was the installation of water bags across the opening of the SRB engine exhaust holes to provide mass dampening for the reflected igmt1on overpressure pulse. For the last three flights one Kulite pressure transducer was mounted on the MFD centerline, 55 feet from the SRB nozzle exit plane, as shown in Figure 5 . A typical observation after each launch is that spray paint applied to the refractory concrete in this region of the MFD remains almost untouched from the plume. Therefore the pressure measured at this location is considered to be almost all acoustic. Figure 21 shows the peak acoustic pressure around 15 psig with a sustained average for two seconds at around I 0 psig (notice the units on the y-axis are psi absolute). Linear acoustic Jaws are not valid below a 200 foot radius from the centerline of the rocket (assuming spherical spreading). The measured launch data lead to a major finding that in the very near-field acoustic levels increase dramatically rather than saturate or decrease. The data suggest that the near-field acoustic levels are I 0 dB higher than linear acoustic Jaws predict. 9 These near-field values are valuable for improving rocket acoustic and vibro-acoustic models used at Kennedy Space Center.
C. Temperatures
The Nanmac erodible thermocouples are installed flush with the surface of the COTS assembly cap and are exposed to the direct plume impingement. Directly measuring temperatures using this methodology is difficult considering that the top location didn ' t record the complete event for any of the three launches, failing after MET+Os, 1.5s, and 3.3s respectively. The middle location recorded the temperatures for the entire event for all three launches while the lower Nanmac was successful for only STS-134 and STS-135. For much of the temperature rise in the first few seconds of launch, all three Nanmac locations experience similar temperatures. The maximum temperature recorded from any launch , 2160°F, occurs in the top location at MET+ 3 .24s just before the thermocouple fails during STS-135 as seen in Figure 22 . Shortly after this time, the middle and bottom locations show decreasing temperature, and at the top location, the slope of the temperature is not increasing when it fails, indicating temperature is not rising. Therefore the maximum temperature of a complete top location data set is expected to be not much higher than 2160°F. This suggests that a boundary layer is protecting the Nanmac thermocouple (and MFD surface) when compared to GP-1 059 ' s predicted SRM plume temperatures of 4000°F. Factors contributing to the formation of the boundary layer include the sound suppression system water, the supersonic plume speed, and the undulations in the MFD surface. The temperatures in Figure 22 and Figure 23 are graphed using raw data acquired at 1200Hz. Before processing the data with MA TLAB to calculate heat rates, they have to be smoothed with a 20-point running average, illustrated in Figure 24 . Without this simple smoothing to minimize the signal noise, the calculated heat rates are hashy and unusable. The 20 point (0.0167sec) running average preserves the nuances in the temperature fluctuations and only minimizes the signal noise so heat rates can be accurately calculated. Figure 23 compares the top Nanmac's temperature to the temperature profile within a tungsten piston. The temperatures are recorded by thermocouples inserted at distances approximately 0.030, 0.060, and 0.090 inches from the hot face of the piston. The magnitude of the Nanmac is similar to the uppermost 0.030" thermocouple, but the TPC records the temperatures at a delayed time. This illustrates the thermal diffusivity: the time it takes to conduct the plume heat through the solid tungsten to the thermocouples in the thermal wells. The heat rate calculation described in the subsequent section back-calculates a surface temperature from the depth of the thermocouple, accommodating for this apparent time delay. An inspection of the STS-135 calculated piston surface temperatures shows that the 0.030" thermocouple calculates a surface temperature close to the Nanmac values, but the deeper thermocouples calculate lower surface temperatures than measured. Interestingly, though it is close to the Nanmac in temperature, the STS-135 top TPC 0.030" thermocouple shown in Figure 23 calculates out-of-family high energy content compared to other top location Medtherm and TPC thermocouples (see Appendix Table A1 ).
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The 0.030" thermocouple in each piston was oriented uphill for STS-134 and STS-135. This thermocouple absorbs the majority of the three dimensional and erosion heating. During launch, the aluminum oxide particles contained in the SRB combustion products scour the surface of the MFD. The particles significantly erode the leading edge of the piston housing sleeve. Piston sleeve erosion values Car). be found in Table A1 in the Appendix. As the sleeve erodes, it heats due to friction, heating the adjacent piston. Furthermore, as the sleeve erodes it exposes the leading edge of the TPC itself to the plume, shown in Figure 30 . This creates a 3-D heating situation and allows the temperature of the tungsten near the 0.030" thermocouple to increase faster than if it were top-loaded only. A faster temperature increase results in higher calculated heat rates. The temperature should increase faster as the launch event continues and the piston sleeve erodes more. This does occur between MET+2-4s in Figure 23 . Seen in Figure 34 in the Appendix, the heat rates resulting from this temperature increase are 30% higher than calculated by the other two thermocouples, which are less affected by 3-D heating. The temperatures recorded by the uphill thermocouples in all three locations appear to be artificially high.
D. Heat Rates
The TPC is a simple instrument with three thermocouples embedded at various depths near the heated surface of a tungsten cylinder. Heat rates are calculated from the measured transient temperatures using a numerical model that assumes one-dimensional heat flow into a 3-inch-long solid block with a known initial temperature. The piston surface temperature is calculated knowing the depth of the thermocouple, and the transient heat rate at the piston surface can be calculated using the thermal diffusion equation in Equation 1. The material properties can be lumped together as the thermal diffusivity The initial temperature condition is assumed to be a uniform ambient temperature, the average of the three thermocouples' data recorded before MET+Os. The back surface of the solid block is assumed to be adiabatic: a perfectly insulated surface where heat flow is defined as zero. According to a simulation of the piston using GP-1059 heat rates, during the short duration launch event the heat will not penetrate to the back surface of the 3-inch tungsten piston, making it appear to be a semi-infinite thermal problem. In reality, any lost heat from the back surface would be negligible compared to the high heat rates on the hot surface. The measured thermocouple temperatures within the piston are used as the top surface boundary condition.
The desired surface heat flux is calculated from the time and space derivatives in the diffusion equation. The numerical model to solve Eq. 1 is programmed in MA TLAB using a Gaussian substitution routine. A backwards substitution using the adiabatic boundary condition produces the piston interior temperatures for the next time step. At each time step, the numerical solution back-calculates the surface temperature that causes the measured temperature reading. The measured thermocouple temperatures are used as the initial guess for the temperature of the surface node as the numerical solution iterates to calculate the surface temperature. The difference between the surface node (to which the measured temperature is applied) and the temperature of the node nearest to the specified thermocouple depth (at 0.030, 0.060, or 0.090 inches) is added to the surface node temperature for the next iteration. The temperature profile through the piston is recalculated and the iteration process continues about 5-10 times until the temperature difference is minimal.
Further refmement of the algorithm is possible based on the assumptions made to develop the numerical solution, although these are minor corrections considering the many generalizations made in the algorithm. The constant temperature properties can be replaced with textbook temperature-varying properties. Because the thermal properties of tungsten vary among sources, the tungsten or alloy can be thermally tested to measure accurate properties for the particular hardware. The one-dimensional assumption simplifies the inherent three-dimensional nature of the block with thermocouple holes drilled into it. A simulation of a piston with GP-1059 heat rates shows a small temperature variation across the bottom of the thermal well itself, where the thermocouple tip rests. The missing thermal mass causes a slight increase in thermal well temperatures, creating a 3-D effect, which could be modeled with the numerical solution. Precisely locating the thermocouple in the bottom of the well, where the temperature is highest, would ensure a more precise measurement of the environment.
Of the possible heat rate data sets from three TPC thermocouples and one Medtherm in each of three locations, STS-135 returned the most complete set of successful data without significant data dropout. Temperatures carmot be directly compared to determine environment temperature or heat rate. At greater distances from the hot face, the thermocouple will read lower temperatures, as in Figure 23 . Heat rate is a description of change in temperature, and the numerical solution adjusts for the depth of the thermocouple in its calculation. Sample heat rate profiles over the duration of the launch event are shown in Figure 25 and Figure 26 to compare the effectiveness of the heat rate measurement types (Medtherm vs. TPC). Qualitatively, the measurements are in-family, lasting about four seconds with heat rate spikes occurring at random intervals throughout the event. The qualitative difference between the sensor types is that the Medtherm is better able to record the quick spikes of heating. It has a smaller thermal mass and quicker response time. The TPC records some of these spikes, indicating they are real phenomena, but it is an instrument better suited to recording the general thermal energy content from the launch. To·quantitatively compare the heat rate profiles, the measurements can be integrated to find the area under the curve, which is the energy per unit area that the plume imparts to the sensor. This integrated energy content summarizes the overall thermal effect of the launch on the MFD.
Because it is water-cooled and remains at a constant temperature, the Medtherm records a cold-wall heat rate. As the TPC's surface temperature increases from 80°F to 2000°F, the difference in temperature between the plume and the surface decreases. This decrease in temperature difference decreases the flow of energy into the piston, and consequently the calculated heat rates should be slightly lower than those measured by the Medtherm . The TPC hotwall heat rates were never corrected to compare to the Medtherm cold-wall heat rates. The results show that even though the Medtherm heat rates were expected to be conservative, they are in-family with the TPC heat rates. The MFD surface behaves as a hot-wall system, and future designs can use the hot-wall heat rates without a problem . (Table A I in the Appendix is a summary chart of the energy content into each sensor.) The blue, purple, and black lines in Figure 25 represent the same amount of energy . This simple trapezoidal profile illustrates how little energy is contained in the shortduration, high-heat-rate spikes. The total heat applied to the MFD in the trapezoidal profile is about 28% of the area under the orange curve, which is the heating predicted by GP-1 059 .
As illustrated by the orange lines in Figure 25 and Figure 26 , GP-1 059 publishes a heat rate that remains for the entire launch event at a magnitude similar to the heat rate spikes, describing an unrealistic situation with sustained high heat rates. The area under the GP-1 059 curve contains 8000 Btu/ft 2 , which is 3.5 times greater than the average heat content measured during three launches and illustrated by the trapezoidal profile. When first developed in the I 960s, this curve was likely based on the known heat content of molten aluminum oxide (~H r = 465 Btu/lb ).
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Why does GP-I 059 describe an unrealistically high average heat rate? Detailed examination of the thermal spikes acquired by the Medtherm/TPC shed light on the physical aspects of the plume. Data from the STS-133 middle Medtherm calorimeter are presented in Figure 28 as an example of a typical heat rate profile. The plume is comprised of a gas phase and aluminum oxide particles (or particle phase). These spikes are the accretion (or freezing) of the aluminum oxide slag onto the sensor. The curves indicate slag accretion, conductive heating, liberation, and erosion sequences during the plume impingement event as described by the letters in Figure 27 , which is a detailed look at one spike from Figure 28 . The heat transferred to the substrate from the plume is constantly changing. The center of the impingement site on the MFD is approximately 55 feet from the nozzle exit plane at ignition. This distance allows the plume to expand and accelerate, causing the gas portion of the plume to cool. The particle portion of the plume, the Ah0 3 particles (or 'slag' ), has a higher thermal mass and · remains in the molten state s---A A Figure 27 . Detailed profile of a heat rate spike, typical of each sensor and launch before impinging on the MFD. The heat still contained in the slag is transferred to the substrate as the heating spike (B). The rapid reduction in heat rate (descent portion of the B spike and C) is the tapering off of the heat rate as the solidified slag in contact with the substrate cools through conduction. As the slag cools, it becomes more brittle. The MFD ' s vibration liberates the slag from the substrate as seen by the rapid drop in heat rate (D) back to the " floor" (A). Once the protective layer of slag is liberated, the substrate is exposed to erosion and convective heating from the gas phase of the plume. The heat rate floor identified in Figure 28 Heat rate data that show the sudden freezing of the slag with the corresponding rapid rise in heat rate. The heat rate floor is a round 350 Btu/fe -s the additional energy coming from more slag impinging at the top . This is expected because the top location was designed to be directly beneath the plume at ignition. The spikes from the slag impingement correlate with the particle portion of the plume as presented in 
E. Witness Material Evaluation
Historically, the SRB plume erodes the refractory concrete exposing the heads of the Y 2-inch diameter Nelson® Studs to the environment. The studs are part of the mechanical system that holds the refractory concrete to the Main Flame Deflector. As discussed in Section II , during the MFD repair process many of these studs were removed and metallurgically examined to discover that melting of the steel did not occur.
2 This discrepancy suggested further investigation was valuable with larger diameter specimens. Three 4-inch diameter steel witness rods were installed in close proximity to the COTS and TPC sensors to gather qualitative data on the environment. The STS-133 and STS-135 launches exposed HY-80 steel to the plume while the STS-134 launch exposed 1018 steel. In addition, other metals used for housing the TPC and COTS sensors, A-286, 17-4PH and 304 stainless, were also examined. Pure tungsten pistons were used on STS-133 and STS-135 whereas tungsten alloy pistons made of90% W-6% Ni-4% Cu were used on STS-134. The applicable material properties and the response of the various metals to the plume are summarized in Table I . Only the responses of the witness materials for the top location are discussed because this location experiences the most severe thermal/erosive environment. A matrix detailing the complete list of materials installed for each launch can be found in Ref. 9. A complete evaluation of the witness materials exposed to lesser heat rates in the middle and bottom locations on the MFD are covered in the references. 10 • 12 Table I indicates that thermal diffusivity (Eqn. 2) affects whether the material exhibits melting and/or erosion when exposed to the plume at the top location. Erosion values for all the steels, including the stainless, and the tungsten alloy were between 0.1" and 0.4" per launch . The steels with high thermal diffusivity did not melt whereas the stainless steels with lower diffusivity did. Erosion of the steels varies between launches and there is no evidence that any type of steels eroded less than any other (even when considering that melting should cause an increase in erosion). The 99.99% pure tungsten installed in the top location exhibited a minimal amount of erosion. For STS-133 and STS-135, both the top and middle pure tungsten pistons cracked, such as seen in Figure 30 , either due to thermal stress from the in itial sudden plume impingement or the sound suppression system water rapidly cooling the piston after the event. The erosive response of the 90%-6%-4% tungsten alloy was similar to steel for unknown reasons although the thermal diffusivities are similar. Both the pure and alloy tungsten pistons displayed similar hardnesses in lab tests so the difference is not understood . Depending upon where the witness rods are installed with respect to the undulations on the MFD, erosion of these metals is very difficult to predict. The complexity of the boundary layer and subsequent formation of concrete scouring ridges caused by a number of Shuttle launches are shown in Figure 29 , photographed prior to the STS-133 MFD refurbishment. The scallops highlighted by the shadows and sunlight are left in the refractory concrete from the SRB plume and reveal the turbulence of the boundary layer as the plume flows down the MFD surface. For this study, the west side of the MFD refractory concrete was initially smooth except for 0.5-inch high casting ridges from the formwork as discussed in Section II. The COTS sensors, TPC, and witness rods were initially installed into a surface of the MFD seen in Figure 5 that was much smoother than in Figure 29 . After only three launches the beginning of similar scouring was observed. Figure 30 shows the top tungsten piston and its A-286 stainless sleeve after the launch of STS-135. The housing displayed signs of melting: dendrites and distorted grain structure. An accompanying 0.2" of erosion occurred on the uphill side of the sleeve (to the right in the photo) whereas the piston did not erode at all. This erosion exposed the leading edge of the piston to 3-D heating from the plume as discussed in Section V.D . The crack in the center of the piston is evidence of thermal shock loading. Slag is seen deposited on the piston and housing and in the groove between the piston and the sleeve.
During STS-133 , the top COTS cap made of 304 stainless eroded and melted a maximum of 0.244" on the leading edge, shown in Figure 32 . The Medtherm calorimeter survived the launch with minimal damage . In comparison, Figure 31 shows the 304 stainless steel top COTS cap from STS-134, where the Medtherm was destroyed . Metallography showed that the 304 stainless melted and resolidified . The water cooling lines on the Medtherm calorimeter were exposed by the erosion of the COTS cap as identified in Figure 31 . Water was injected into the atmosphere at 150 psig. This water formed a protective layer over the COTS housing downstream from the injection hole. This protection scheme is used by the Ste,nnis B-1 Space Shuttle Main Engine (SSME) test stand . 13 At that test stand water is injected through numerous holes to protect the steel flame deflector from the SSME exhaust. 
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2) Future designs of the TPC should install the thermocouples as close as possible to the hot face. Erosion of the TPC sleeve will cause 3-D heating of the thermocouple nearest the exposed leading edge. This will produce more heating in that region of the piston with corresponding higher calculated heat rates.
3) The COTS sensors performed better than expected. They should be considered for measuring other solid rocket motor plumes. 5) It was determined that the KSC specification 1 used for quantifying the MFD thermal and pressure environment over-predicted heat rates by a factor of3 and under-predicted pressures by a factor of2.
6) The reason the specification 1 overpredicted the heat rates on the MFD is because the short duration of the thermal spikes from the Alz0 3 slag was unknown. The Medtherm and TPC identified these short duration spikes.
7)
No witness material (except pure tungsten) was able to withstand the plume without some degree of erosion. Materials with low diffusivities have a propensity to melt. However, the heat rates measured by the TPC and Medtherm calorimeter were a fraction of the value published in the KSC specification, 1 which may be the reason the Nelson® Studs and steel witness rods do not melt. Water injected to form a boundary layer will protect the substrate from the erosive effects of the plume. 
r-l-
... The following table and figure are referenced in Sections V .C and V .D. The heat rate curve from each sensor is integrated to quantify the amount of thermal energy measured during the launch event. The valid measurements for each location are averaged to find the A vg value, to summarize the amount of energy content at each location on the MFD . The heat affecting the bottom location is less than half the heat at the top. The Medtherm measured heat rates are simi lar to the heat rates calculated from the TPC temperatures . The erosion on the uphill-oriented piston housing sleeve is included to quantify the erosive effect of the SRB plume. • Before redesigning the Main Flame Deflector's thermal protection system to prevent FOD, the environment had to be measured (primarily heat rates and pressures)
• Two sets of sensors were installed to measure this harsh environment -Tungsten Piston Calorimeter (innovative design for this environment)
-Commercial off-the-shelf sensors
• Data presented will show that the specification used for the design of the MFD thermal protection system over-predicts heat rates by a factor of 3 and underpredicts pressures by a factor of 2.
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Methodology
• To optimize protection of the Main Flame Deflector, the environment was measured -NASA Specification GP-1059 predicts boundary layer environment -The boundary layer environment has never been measured Excellent correlation between the load cell and the pressure transducer during development testing
